Otoferlin is essential for the fast and indefatigable release of synaptic vesicles at auditory inner hair 25 cell (IHC) ribbon synapses, being involved in exocytic, endocytic and regenerative steps of the synaptic 26 vesicle cycle. Serving diverse functions at this highly dynamic synapse implies that this multi-C2 domain 27 protein is precisely regulated. Here we found protein kinase C  (PKC) and otoferlin to colocalize in 28 endocytic recycling compartments upon IHC depolarization and to interact in an activity-dependent 29 manner. In vitro assays confirmed that PKC can phosphorylate otoferlin at five serine residues, which 30 correlates with increased serine phosphorylation in <40 nm proximity to otoferlin in murine IHCs that 31 can be fully blocked by combining PKC and CaMKII inhibitors. Moreover, otoferlin interacts with 32 calbindin-D28k in stimulated IHCs, which was precluded when PKC was inhibited. Similarly, the 33 activity-dependent increase in otoferlin-myosin VI interaction depends on PKC activation. We 34 propose that upon strong hair cell depolarization, PKC phosphorylates otoferlin, thereby enabling it 35 to interact with calbindin-D28k and myosin VI, building a Ca 2+ -dependent signaling complex that 36 possibly regulates different modes of endocytosis. 37 38 Keywords 39 calcium / inner ear / phosphorylation / ribbon synapse / synaptic transmission / 40 41 domain protein otoferlin seems to replace some of these proteins and is currently hypothesized to act 55 as the Ca 2+ sensor for exocytosis in mature IHCs (Roux et al, 2006; Michalski et al, 2017). Different 56 OTOF mutations lead to almost entirely abolished IHC exocytosis and thus to profound deafness in 57 humans and animal models (Yasunaga et al, 1999 (Yasunaga et al, , 2000 Roux et al, 2006; Longo-Guess et al, 2007; 58 Marlin et al, 2010; Pangršič et al, 2010; Reisinger et al, 2011). Otoferlin is involved in vesicle priming 59 and fusion, vesicle replenishment, vesicle reformation from bulk endosomes, active zone clearance, 60 and clathrin-mediated endocytosis (Pangršič et al, 2010; Duncker et al, 2013; Jung et al, 2015; Strenzke 61 et al, 2016). It has been reported to interact with several proteins involved in the SV cycle, e.g. Rab8b, 62 myosin VI, CaV1.3 calcium channels, the adaptor protein 2 (AP-2) and endophilin A (Roux et al
Introduction 42
In the mammalian auditory system, sound encoding between the sensory inner hair cells (IHCs) and 43 the primary auditory neurons occurs with remarkable precision, reliability, and dynamics over 44 prolonged periods of stimulation (Moser & Beutner, 2000; Glowatzki & Fuchs, 2002) . IHC ribbon 45 synapses are highly specialized for this challenging task, constantly sustaining the pool of fusion-46 competent vesicles. At physiological temperature, each synapse of a depolarized IHC can sustain a 47 synaptic vesicle (SV) fusion rate of up to 2300 vesicles per second for at least several hundred 48 milliseconds (Strenzke et al, 2016) . This high release rate requires the efficient and coordinated 49 retrieval of excess plasma membrane, for which both clathrin-independent and clathrin-dependent 50 modes of endocytosis have been proposed (Neef et al, 2014; Kroll et al, 2019) . Crucial proteins for Ca 2+ Vogl et al, 2015) . The multi-C2 54 throughout the cell ( Fig EV1B) , predominantly in the cytosol and to a lesser extent at the plasma 121 membrane, where it partially colocalizes with otoferlin ( Fig EV1C-D) . 122
Upon Ca 2+ influx, PKC typically relocates to the plasma membrane (Codazzi et al, 2001; Zhao et al, 123 2006 ). Using a previously described rest/stimulation/recovery paradigm (Kamin et al, 2014 ; Revelo et 124 al, 2014), we followed PKCimmunofluorescencein IHCs (Fig 1) . In resting conditions (1 min, 5.36 mM 125 KCl, no supplemented Ca 2+ ), PKCimmunoreactivity was located almost exclusively in the cytosol. 126
Strong stimulation (1 min, 65.36 mM KCl, 2 mM CaCl2) resulted in a distinct relocation of PKC within 127 the base of the IHCs where it accumulated in clusters close to the plasma membrane ( Figs 1A-B and 2). 128
Most PKC clusters were found near the synaptic ribbons (Fig 2A-F) in structures resembling plasma 129 membrane patches and endosomes where it partially colocalized with otoferlin ( Fig 2E-H) . This effect 130 seems to be rather transitory as only few PKC clusters remained after 5-minute stimulation, and 131 hardly any PKC clusters persisted after 5-minute recovery (5 min, 5.36 mM KCl, 2 mM CaCl2, following 132 a 1-minute stimulation, Fig 1A-B ). The relocation of PKC to regions close to active zones in a cluster-133 like appearance seems to occur only for strong stimulations, as no clustering could be observed at 134 milder stimulations inducing less Ca 2+ influx (1 min, 25 mM KCl, 2 mM CaCl2; Fig EV2A) . Interestingly, 135 the trafficking of otoferlin seems to follow that of PKC ( Fig 1A, C-E In order to find out if the observed clustering of PKC close to the plasma membrane of IHCs is 144 coherent with its activation, we assessed its localization after pharmacological PKC activation. In 145 many cell types treatment with phorbol 12-myristate 13-acetate (PMA), a PKC agonist that mimics DAG 146 and strongly binds cPKCs (Takekoshi et al, 1995) , induced the recruitment of PKC to membranes 147 (Hermelin et al, 1988; Huang et al, 1997; Feng et al, 1998 Feng et al, , 2000 Tardif et al, 2002; González et al, 2003;  Altogether, these results indicate co-trafficking of PKC and otoferlin upon PKC activation (either 155 pharmacologically or following strong stimulation) and thus point towards a possible activity-156 dependent interaction of the two proteins. 157
158

PKC interacts with otoferlin in IHCs 159
We next investigated a potential interaction of PKC and otoferlin in IHCs. We first performed a 160 proximity ligation assay (PLA), which allows in situ detection of endogenous protein interactions with 161 single molecule resolution, detecting a <40 nm distance of antibody-labeled proteins ( Fig 3A,B ). This 162 assay was previously established for rat IHCs with the reported interaction pair otoferlin-myosin VI and 163 was validated here in mouse IHCs (Appendix Fig S1) . The PLA for otoferlin and PKC performed in 164 explanted organs of Corti of P14-16 mice in resting conditions resulted in few fluorescent puncta 165 distributed throughout the IHC (Fig 3 A,B ). When the same PLA was performed after 1-minute 166 stimulation, we saw a >4-fold increase in PLA fluorescence intensity (442±28%, n=141 IHCs) when 167 compared to resting conditions (100±7%, n=122 IHCs), pointing to an interaction of the proteins upon 168 strong IHC stimulation. The intensity of the PLA puncta dropped to 178±7% (n=112 IHCs) during a 5-169 minute recovery period, indicating a rather short-living otoferlin-PKC complex ( Fig 3A, B) . 170
Given that a positive PLA signal could potentially result from an indirect interaction via scaffolding 171 proteins, we assessed whether otoferlin and PKC interact directly in vitro (Fig 3C, D) . In a first 172 approach, we co-transfected HEK293T cells with HA-tagged full-length otoferlin (mCherry-P2A-mOtof-173 HA) and GFP-tagged PKC (eGFP-PKC; Fig corresponding to otoferlin-HA was detected with an anti-HA antibody, when GFP-PKC was used as 178 bait in GFP IPs. The faint bands in both situations suggest a weak interaction of the two proteins, 179 possibly because the cells were harvested in conditions with weak PKC activation. In a second 180 approach, we ran pull-down assays from organ of Corti homogenates which we loaded onto HA beads 181 enriched with otoferlin-HA protein previously expressed in HEK293T cells ( Fig 3D, to S10) revealed phosphorylation of otoferlin at five serine residues: S158, S775, S1169, S1224 and 188 S1436 (otoferlin variant 4, NP_001300696.1, Fig 3F) . All phosphorylation sites were found to be 189 conserved between mammalian and non-mammalian otoferlin orthologs, with the exception of S1169 190 at the C2de domain conserved only among mammalian species (Appendix Fig S11) . Interestingly, none 191 of the phosphorylated serine residues is located in one of the main six C2 domains; yet, two were found 192 in the C2de domain, a putative C2 domain with poor conservation of sequence and secondary structure 193 elements among species. Phosphorylation at S775 in the FerA domain could possibly alter the 194 interaction of FerA with membranes in the presence of Ca 2+ (Harsini et al, 2018) . It is noteworthy that 195 three of the five positions (S158, S775, S1224) match phosphorylation sites retrieved by different 196 kinase-specific, sequence-and structure-based prediction tools (Appendix Fig S12 and Table S2 ). 197
In the absence of otoferlin, hardly any membrane turnover takes place in IHCs due to the abolishment 198 of fast exocytosis (Roux et al, 2006) . Here, we used knock-out mice (Otof vs. Rest; Kruskal-Wallis test followed by Dunn's multiple comparison test) ( Fig 7C) . Calbindin seems to 286 regain its initial location after a 5-minute recovery period (apical/basal ratio: 1.07±0.05; ns P=0.6380 287 vs. Rest; Fig 7C) , while immunofluorescence levels remained low as for the stimulatory condition 288 (73±2%, n=141 IHCs; ***P<0.0001 vs. Rest and *P=0.0152 vs. Stimulation 1'; Fig 7B) . 289
Calbindin levels also appear to vary among several otoferlin mutants (Figs 7D and EV3A). In Otof -/-290 IHCs, calbindin levels were reduced to about 50% of WT levels (Otof -/-: 56±1%, n=108 IHCs vs. WT: 291 100±1%, n=176 IHCs; ***P<0.0001), while IHCs of Otof +/mice showed a reduction of about 20% 292 (Otof +/-: 83±3%, n=99 IHCs; ***P=0.0002; Kruskal-Wallis test followed by Dunn's multiple comparison 293 test; Fig 7D) . For the Otof I515T/I515T mutant, carrying the temperature-sensitive p.Ile515Thr point 294 mutation in the C2C domain of otoferlin (Strenzke et al, 2016), we found a reduction of about 25% in 295 calbindin immunofluorescence levels when compared to WT controls (Otof I515T/I515T : 72±3%, n=83 IHCs; 296 ***P<0.0001), accompanied by the previously reported reduction in otoferlin levels ( Fig 7D) . In 297
Otof Pga/Pga mutant IHCs (Pangršič et al, 2010), carrying the p.Asp1767Gly missense mutation in the C2F 298 domain, there were no evident changes in calbindin levels when compared to WT IHCs (Otof Pga/Pga : 299 92±2%, n=76 IHCs; ns P=0.5900; Kruskal-Wallis test followed by Dunn's multiple comparison test), 300 although otoferlin levels are slightly lower in this mutant by comparison to Otof I515T/I515T IHCs ( Fig 7D) . 301
In our recent study where we partially rescued hearing in Otof -/mice by reintroducing otoferlin in IHCs 302 via dual-AAV approaches (Al-Moyed et al, 2019), we quantified calbindin immunofluorescence levels 303 alongside otoferlin levels (Figs 7E and EV3B). Reintroduction of otoferlin led to an increase in calbindin 304 levels not only in Otof -/-IHCs (untreated Otof -/-CD1B6F1: 50±2%, n=142 IHCs; Otof -/-305 CD1B6F1+DualAAV-Hybrid: 63±3%, n=64 IHCs; Otof -/-CD1B6F1+DualAAV-Trans-splicing: 70±5%, n=13 306 IHCs), but also in wild-type IHCs (untreated WTB6: 100±2%, n=276 IHCs; WTCD1B6F1+DualAAV-Trans-307 splicing: 117±4%, n=62 IHCs; see Appendix Table S1 for statistics; Fig 7E) . 308
To explore a possible interaction of otoferlin and calbindin, we repeated the otoferlin-HA pull-downs 309 described before but this time we immunoblotted for calbindin. A strong band of ~28 kDa in the eluate 310 indicates a direct interaction of otoferlin and calbindin in vitro ( Fig 7F) . 311
We then assessed a possible interaction of otoferlin and calbindin and its potential dependency of 312 PKC activation in IHCs of explanted organs of Corti by a PLA (Fig 7G,H) . In resting conditions, we found 313 few PLA puncta throughout the IHCs. A 1-minute high K + stimulation led to a >5-fold increase in PLA 314 signal (Rest: 100±2%, n=327 IHCs vs. Stimulation 1': 560±26%, n=168 IHCs; ***P<0.0001). After a 5-315 minute recovery period, the PLA signal dropped to values lower than those of the resting condition 316 (Recovery 5': 77±5%, n=107 IHCs; ***P<0.0001 vs. Rest). Treatment with the PKC inhibitor BIM I fully 317 blocked the stimulation-induced increase in PLA signal (BIM I + Stimulation 1': 101±3%, n=98 IHCs; ns 318 P>0.9999 vs. Rest). Incubation with PMA led to an increase in PLA signal, though not as pronounced as 319 for high K + stimulation (PMA 5': 175±4%, n=114 IHCs and PMA 15': 161±3%, n=127 IHCs; ***P<0.0001 320 vs. Rest and ***P<0.0001 vs. Stimulation 1'; Kruskal-Wallis test followed by Dunn's multiple 321 comparison test). Thus, otoferlin and calbindin interact in IHCs in a strongly activity-and PKC 322 dependent manner. 323 A PLA between PKC and calbindin in the same conditions ( Fig EV4) resulted in an increased PLA signal 324 after stimulation (Rest: 100±6%, n=75 IHCs vs. Stimulation 1': 158±5%, n=94 IHCs; ***P<0.0001), yet 325 not as demarked as the increase observed for the PLAs between otoferlin and PKC and between 326 otoferlin and calbindin. This points towards an indirect interaction between calbindin and PKC via a 327 scaffolding protein, likely otoferlin. It is also conceivable that PKC, otoferlin and calbindin are part of 328 the same complex at least at some point during strong stimulation, with PKC and calbindin binding 329 to distinct regions of otoferlin. 330 331
Discussion
332
Inner hair cells exhibit an extraordinarily high rate of synaptic vesicle turnover. Both exocytosis and 333 endocytosis are known to be regulated by Ca 2+ (Beutner et al, 2001) . In this study, we found two Ca 2+ -334 binding proteins, PKC and calbindin, to interact with otoferlin, thereby forming a Ca 2+ -dependent 335 signaling complex that likely regulates different modes of endocytosis at IHC synapses. 336
Upon high K + exposure leading to IHC depolarization, Ca 2+ influx through voltage-gated Ca 2+ channels 337 triggers exocytosis, but also activates Ca 2+ -dependent kinases like PKC and CaMKII (Meese et al, 2017 338 and this study). Several proteins located next to the Ca 2+ sources bind Ca 2+ , e.g. the proposed Ca 2+ 339 sensor for exocytosis at this synapse, otoferlin, as well as Ca 2+ buffer proteins like calbindin, 340 parvalbumin and calretinin (Pangršič et al, 2015). Among these, regulatory roles have so far been 341 attributed to calbindin only (Berggard, 2002) . In this study we found that PKC activation in IHCs, either 342 pharmacologically or upon high K + stimulation, triggers the interaction of PKC with otoferlin, resulting 343 in the phosphorylation of otoferlin at S158, S775, S1169, S1224 and S1436 residues. These post-344 translational modifications might enable otoferlin to interact with other proteins, like myosin VI and 345 calbindin. Pharmacological activation of PKC without intracellular Ca 2+ elevation also induced the 346 interaction of otoferlin with calbindin and myosin VI, although not as effectively as by cell 347 depolarization which triggers Ca 2+ influx, indicating that Ca 2+ binding to either one or both proteins 348 strongly promotes the interaction. Since PKC inhibition before high K + exposure abolished the 349 association of otoferlin with calbindin and a direct interaction of PKC and calbindin is rather unlikely, 350 the phosphorylation of otoferlin by PKC seems to be a prerequisite for the otoferlin-calbindin 351 interaction. It is noteworthy that the increase in PLA signal for calbindin and PKC was much weaker 352 than for the other combinations under the same stimulatory conditions, suggesting either that 353 calbindin and PKC bind to distal parts of otoferlin, or PKC dissociates from the complex after calbindin 354 binds to phosphorylated otoferlin. noteworthy that weak stimulation paradigms did not lead to PKC immunofluorescence clustering in 371 IHCs ( Fig EV2A) . Notably, in central nervous system synapses PKC was shown to be essential for the 372 trafficking of synaptotagmin IX to endocytic recycling compartments (Haberman et al, 2005) , but also 373 seems to be involved in endocytic processes in general (Alvi et al, 2007) . We thus propose that the 374 structures where otoferlin and PKC interact in IHCs are most likely endocytic recycling compartments. 375
The nature of proteins which we found to interact with otoferlin in an activity-dependent and strongly 376 PKC-dependent manner supports our hypothesis that PKC might be involved in regulating different 377 modes of endocytosis. Upon high K + IHC stimulation or treatment with a PKC activator, we observed 378 an increase in PLA signal for the previously reported interaction of otoferlin and myosin VI (Roux et al, 379 2009; Heidrych et al, 2009 ). Myosin VI, like other myosin motors, interacts with filamentous actin (F-380 actin) generating the force that propels the sliding of these filaments and moves along them, thereby 381 regulating the dynamics of the actin cytoskeleton and affecting the transport of cellular components 382 (reviewed in Kneussel & Wagner, 2013) . It was also reported that F-actin seems to control otoferlin-383 dependent exocytosis in auditory IHCs (Vincent et al, 2015) , where it forms dense cage-shaped 384 structures beneath the synaptic ribbon thereby maintaining a tight spatial organization of calcium 385 channels at the active zones. Additionally, the authors show that F-actin colocalizes with otoferlin at 386 the basal region of the IHC, predicting a physical association between them. Moreover, the unique 387 myosin VI motor is involved in the early endocytic pathway, where it is required for cargo sorting 388 (Tumbarello et al, 2013) , so it seems plausible that both myosin VI and F-actin in association with 389 otoferlin are involved in cellular trafficking processes in a PKC-dependent manner, which might include 390 trafficking of endosomal compartments in IHCs. 391
What might be the role of calbindin in this complex? The finding that calbindin immunofluorescence is 392 strongly reduced in Otof I515T/I515T but not in Otof Pga/Pga IHCs seems contradictory at first. Yet, a potential 393 explanation might be that these mutations differentially impair distinct cellular processes, like vesicle 394 replenishment (proposed for Otof Pga/Pga ) and vesicle reformation from endocytic recycling 395 compartments (ascribed to Otof I515T/I515T ), and only one of these processes involves the calbindin-396 otoferlin interaction. In addition, a knock-out of calbindin does not affect hearing or susceptibility to 397 noise, at least regarding threshold shifts (Airaksinen et al, 2000) . Although a role in noise-induced 398 synaptopathy cannot be ruled out, the short timescale of the interaction, growing weaker between 1 399
and 5-minute depolarizations, makes it unlikely that calbindin acts in processes that need to last from 400 minutes to hours, such as affecting the susceptibility to noise. Similarly, triple knock-out mice of 401 calbindin, parvalbumin and calretinin (Ca 2+ buffer TKO) showed remarkably low impact on hearing 402 in IHCs, time constants of 10 ms for Cm were found, which would be even faster than reported for 460 ultrafast endocytosis at hippocampal synapses. Although this might be a plausible scenario that would 461 explain how this synapse compensates the extraordinarily high rates of exocytosis and compares to 462 the effect found after 20 ms stimulation in Guillet et al (2016) , the triggering of vesicle fusion by Ca 2+ 463 uncaging is a rather unphysiological strong stimulus. It increases the cellular surface by >1 pF, which 464 would require 22 000 synaptic vesicles (of 45 aF each) per pF (Neef et al, 2007) to fuse with the plasma 465 membrane and might induce endocytic mechanisms that do not typically occur in more physiological 466 conditions. Since Cm recordings only reveal the sum of endocytic and exocytic events, it will be 467 important to confirm this remarkably ultrafast kinetics of endocytosis by flash-and-freeze experiments 468 in IHCs. 469
What other molecular players could be involved in ultrafast endocytosis at IHC synapses? Endophilin 470
A was first attributed to play a role in fast bulk endocytosis, but with slower kinetics than that of 471 ultrafast endocytosis (Watanabe & Boucrot, 2017) . More recently, endophilin A and synaptojanin were 472 found to accelerate ultrafast endocytosis at hippocampal synapses (Watanabe et al, 2018) . In Cm 473 recordings of endophilin A knock-out IHCs no apparent increase in Cm was observed (Kroll et al, 2019) , 474 seemingly arguing against an involvement of endophilin A in ultrafast endocytosis at this synapse. 475
However, chronic impairment of endocytosis and vesicle reformation will inevitably affect vesicle 476 replenishment. Since both endophilin A and synaptojanin are known to be required not only for fission 477 of bulk endosomes but also for clathrin uncoating of recycling vesicles, inhibition of synaptic vesicle 478 recycling might act more strongly on synaptic function in Cm recordings than the slowing down of 479 ultrafast endocytosis. 480
In conclusion, we showed that Ca 2+ influx activates PKC, which phosphorylates otoferlin, enabling it 481 to interact with calbindin and myosin VI. We propose that the association of these proteins constitutes 482 a molecular switch with the assembly of the otoferlin-calbindin complex being required for ultrafast 483 endocytosis in IHCs. For HA immunoprecipitation, cells were transfected with mCherry-P2A-mOtof-HA and eGFP-mPKCor 516 eGFP-mPKConly (control). Cells were harvested 72h post-transfection by washing three times in PBS 517 (137 mM NaCl, 2.7 mM KCl and 10 mM phosphate buffer solution, pH 7.4), and lysed in NP-40 lysis 518 buffer supplemented with protease inhibitors (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5 mM EDTA pH 519 8.0, 0.5% NP-40, protease inhibitors (#4693132001, Roche, cOmplete™, EDTA-free Protease Inhibitor 520 Cocktail)) by pipetting extensively for 1h on ice and centrifuged at 500 x g, 4 °C for 5 min to remove 521 cell debris. The lysates were mixed with 25 L of anti-GFP beads slurry (GFP-Trap®_MA, #gtma-10, 522
Chemotek) or anti-HA bead slurry (Pierce™ Anti-HA Magnetic Beads, #88836, Thermo Fisher Scientific) 523 for GFP immunoprecipitation and HA immunoprecipitation, respectively, and incubated with gentle 524 end-over-end mixing for 4h at RT. Beads were washed three times with dilution buffer (10 mM Tris-525 HCl pH 7.5, 150 mM NaCl, 0.5 mM EDTA pH 8.0) before boiling for 10 min at 70 °C. Protein complexes 526 were resolved in 4-20% Tris-glycine gels (BIO-RAD) using PageRuler™ Plus Prestained Protein Ladder 527 (Thermo Fisher Scientific) as a marker and transferred onto nitrocellulose membranes (GE Healthcare 528 Life Sciences). Membranes were probed with primary antibodies mouse anti-HA (#MMS-101P, 529
Covance, 1:1000) and mouse anti-GFP (#600-301-215, Rockland, 1:1000) followed by incubation with 530 secondary antibody goat anti-mouse IgG-HRP (#115-035-146, Jackson ImmunoResearch, 1:2000) . 531
Immobilon Forte Western HRP substrate (#WBLUF0100, Millipore) was used for detection. Protein 532 concentration was determined with Pierce™ BCA Protein Assay Kit (#23227, Thermo Fisher Scientific). 533
534
Pull-down assays 535 HEK293T cells were plated at a density of 1x10 6 cells per 10 cm dish and transfected 24h post-seeding 536 with mCherry-P2A-mOtof-HA or mCherry-P2A-HA (control) using Lipofectamine® 3000 (#L3000015, 537 Thermo Fisher Scientific). Cells were harvested 72h post-transfection by washing three times in PBS 538 and lysed in NP-40 lysis buffer supplemented with protease inhibitors by pipetting extensively every 539 10 min for 1h on ice and centrifuged at 500 x g, 4 °C for 5 min to remove cell debris. Lysates were mixed 540 with 25 L of anti-HA bead slurry (Pierce™ Anti-HA Magnetic Beads, #88836, Thermo Fisher Scientific) 541 incubated with gentle end-over-end mixing for 1h at 4 °C. Beads were washed three times with dilution 542 buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5 mM EDTA pH 8.0). 543
OCs from 25 mice at P8-P9 were homogenized in ice-cold sucrose buffer (320 mM sucrose, 4 mM 544 HEPES, pH 7.4, supplemented with protease inhibitors (#4693132001, Roche, cOmplete™, EDTA-free 545 Protease Inhibitor Cocktail)) using a glass-Teflon homogenizer, with 10 strokes at 900 r.p.m (adapted 546 from (Huttner et al, 1983; Hell & Jahn, 2006; Ahmed et al, 2013) ). The homogenate was centrifuged at 547 500 x g, 4 °C for 5 min to remove bone and cell debris. Homogenates (500 g total protein) were loaded 548 onto anti-HA beads previously immobilized with HA or otoferlin-HA proteins, and incubated with 549 gentle end-over-end mixing overnight at 4 °C. Beads were washed three times with dilution buffer 550 prior to elution by boiling for 10 min at 70 °C. Systems). Color-coded 2D images were constructed in Fiji as 16-bit grayscale images to which the given 665 color look-up table was applied. Colocalization analysis was performed using the "Coloc2" Fiji's plugin 666 with Costes' autothreshold method (Costes et al, 2004) . 667
Protein expression levels, immunofluorescence and PLA signals were quantified from high 668 magnification 3D IHC images (0.6 µm z-stack step size, 2X digital zoom) in Imaris 7.6.5. Protein 669 expression levels were quantified using a custom written Matlab (Mathworks) routine integrated into 670 Imaris as previously described (Strenzke et al, 2016) . PLA puncta were identified via "Spots" tool as 671 objects with a signal above a minimum threshold. IHCs were identified by calbindin or Vglut3 672 fluorescence and the "Surface" tool was used to create a volume for each individual cell. Puncta per 673 cell were obtained via the "Split Spots Into Surface Objects" Matlab XTension from Imaris, which 674 creates a new subset of Spots that contains only the Spots that lie inside each Surface (i.e. each cell). 675
Summed fluorescence intensities of puncta per cell were used to calculate the PLA puncta fluorescence 676 intensity per cell and were normalized to the resting condition. For each experimental condition at 677 least two independent experiments were performed. The same experimental settings were used for 678 each series. 679 680
Otoferlin rescue experiments 681
The viral vectors used for the otoferlin rescue experiments in Figs 7E and EV3B were designed, 682 produced, purified, and injected through the round window membrane (RWM) into the left cochlea of 683 P5-6 wild-type (B6 and CDB6F1) control and CD1B6F1 otoferlin knock-out mice as described in (Al-684 Moyed et al, 2019). The following virus titers were used for postnatal RWM injections: AAV2/6.eGFP 685 (1.44 x10 10 vg/µl), otoferlin dual-AAV2/6-TS half-vectors (1:1) (1.2 x 10 10 vg/µl), and otoferlin 686 dual-AAV2/6-Hyb half-vectors (1:1) (1.38 x10 10 vg/µl). AAV2/6.eGFP was used as a control virus. 687
Otoferlin and calbindin protein expression levels were quantified in transduced IHCs (P23-30) and 688 normalized to protein levels in IHCs of non-injected B6 wild-type mice as in ( 
